type of teichoic acid was also important for bacteriophage attachment. B. subtilis strains 168 and W23 have different teichoic acids in their cell walls and have varied susceptibilities to bacteriophage infection. Transfer of bacteriophage resistance from strain W23 into a derivative of strain 168 was accomplished. The resistant bacteria obtained were impaired in their ability to adsorb bacteriophage and in their capacity to be transfected by bacteriophage deoxyribonucleic acid.
The importance of teichoic acids as a bacteriophage receptor site in the wall of the bacterium Bacillus subtilis has been demonstrated (2, 8, 24) . Specifically, three classes of bacteriophage-resistant mutants of B. subtilis strain 168 have been shown to lack glucosylated teichoic acid in their cell walls (24, 25) . The glucosylation of cell wall teichoic acids is regulated by the products of the gtaA +, gtaB +, and gtaC + genes (24) . These three genes have been mapped (25) , and the proteins coded by two of the genes have been characterized (4, 12) . Phosphoglucomutase (EC 2.7.5.1) is the product of the gtaC+ gene, whereas uridine 5'-diphosphate (UDP)-glucose:polyglycerol teichoic acid glucosyltransferase (EC 1.4.1) is a product of the gtaA + gene. Although no enzyme has been identified for the gtaB + gene, it has been suggested that this gene codes for an inactive phosphoglucomutase monomer (13) . In the initial studies, when only a limited number of bacteriophages were examined, it appeared that the bacterial mutants unable to glucosylate teichoic acid were resistant to certain bacteriophages regardless of whether the mutation was at the gtaA, gtaB, or gtaC locus (24) . In this report, we have expanded these studies and can now demonstrate that the degree of bacterio- ' Present address: Department of Biology, Brookhaven National Laboratory, Upton, N.Y. 11973. 2 Present address: Division of Allergy and Clinical Immunology, National Jewish Hospital and Research Center, Denver, Colo. 80206. phage resistance is strongly affected by the nature of the genetic defect.
Glucosylated teichoic acid has also been shown to play an essential role in the attachment of some of the Bacillus bacteriophages to B. subtilis strain W23 (8, 24) . B. subtilis strains W23 and 168 differ in the content of their teichoic acids (5, 7) and their susceptibility to certain bacteriophages (3, 16; B. E. Reilly, Ph.D. thesis, Western Reserve Univ., Cleveland, Ohio, 1965). Furthermore, B. subtilis strain W23 is lysogenic for defective bacteriophage PBSZ, whereas strain 168 is lysogenic for defective bacteriophage PBSX (14, 18) . To explore the effect of variability of the cell surface on viral infection, we transferred bacteriophage resistance from strain W23 to strain 168 via deoxyribonucleic acid (DNA)-mediated transformation. The results of this transfer as well as the patterns of bacteriophage resistance in strain W23 indicate the variety and complexity of mechanisms by which bacteria interfere with bacteriophage development. tion, transfection, and isolation of DNA were identical to those previously used in our laboratory (22, 23) . Determination of plating efficiencies. Bacterial cultures were grown at 37 C in modified M broth that had not been supplemented with Ca2 , Mg2+, or Mn2+. After the cells had ceased exponential growth (optical density of 120 Klett units on a Klett-Summerson colorimeter, filter no. 66), 0.2 ml of the bacterial culture was added to 2.0 ml of modified M semisolid agar containing 0.1 ml of the appropriate dilution of the bacteriophage stock, and the mixture was poured onto modified M agar. This procedure was used for all bacteriophage studied except 429. The plating efficiency of bacteriophage 429 was determined by using a modified M overlay on tryptose blood agar base (Difco). Assays for bacteriophage 429 were done at 30 C, whereas all other quantitation of infectious centers were performed at 37 C.
Determination of adsorption efficiencies. Bacterial cultures were grown in modified M broth without Mg2+, Ca2+, and Mn2+ at 37 C to an optical density of 120 Klett units, centrifuged (12,000 x g for 20 min at 4 C), and suspended in Spizizen's minimal salts (17) containing 3.7% formaldehyde (Fisher). The suspension was kept at 4 C for 30 min before the cells were washed three times with modified M broth and finally resuspended in half the original volume in modified M broth. The bacteriophage and the formaldehyde-treated bacteria were mixed to yield a multiplicity of infection of 10-4 to 10-s, incubated at 37 C for 20 min, and centrifuged (8, 000 x g for 5 min at room temperature), and the number of plaque-forming units in the broth was determined.
Enzyme assays. UDP-glucose:pyrophosphorylase (EC 2.7.7.9), UDP-glucose:polyglycerol teichoic acid glucosyltransferase, and phosphoglucomutase were measured as previously specified (4, 12) .
RESULTS
Isolation and identification of bacteriophage-resistant mutants of B. subtilis strain 168. DNA was isolated from spontaneously arising bacteriophage-resistant mutants of B. subtilis, and the resistance trait was transformed into strain BR151. These bacteriophageresistant mutants were found to lack glucosylated teichoic acid in their cell walls (V. C. Maino, Ph.D. thesis, Univ. of Rochester, Rochester, N.Y., 1972). Previously, we established three classes of bacteriophage-resistant mutants ofB. subtilis that lacked glucosylated cell wall teichoic acid due to their inability to synthesize UDP-glucose:polyglycerol teichoic acid glucosyltransferase or phosphoglucomutase (24, 25) . Bacteria lacking phosphoglucomutase are defective in the gtaC gene, whereas those bacteria that lack UDP-glucose:polyglycerol teichoic acid glucosyltransferase have lost a VOL. 125, 1976 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from functional gtaA gene. Bacteria that have both of these enzymes but still lack glucosylated teichoic acid are deficient in the gtaB gene product. The class for each of the isolated mutants was determined, and representatives of each class are shown in Table 2 .
Previously our laboratory demonstrated that some bacteriophages differed in their ability to infect non-glucosylated teichoic acid cell wall mutants in semisolid agar and in liquid broth (24) . To further investigate this phenomenon, representatives of each bacteriophage-resistant class were infected with nine B. subtilis bacteriophages. There were major differences in the ability of bacteriophages to infect these mutants (Table 3) . Bacteriophages SPOl and 429 were completely dependent on glucosylated cell wall teichoic acid for attachment. Additionally, bacteriophage 425 was unable to successfully infect gtaB and gtaC mutants, although it could infect gtaA mutants with reduced efficiency. Bacteriophages 4e and SP82 were also unable to infect gtaC mutants. Bacteriophage SP82 was severely inhibited in its ability to infect cells carrying gtaB, and bacteriophage Similarly, the ability of these nine bacteriophages to attach to these bacteria in liquid media was determined (Table 4) . Although bacteriophage SPOl was unable to infect gtaA mutants, it appeared to attach to these bacteria in liquid media. On the other hand, bacteriophage SPP1 infected gtaA, gtaB, and gtaC mutants, although in liquid media it did not attach to these same bacteria at wild-type levels. Additionally, bacteriophage 4e infected gtaB mutants in agar, but in liquid it attached poorly to these cells. These conflicting results will be discussed later. However, it is important to note that, generally, the lack of a glucosylated teichoic acid in the cell wall results in a decrease in the ability of bacteriophages to attach. These data confirm the importance of glucosylated teichoic acid as a major bacteriophage receptor. Bacteriophage resistance in B. subtilis strain W23. B. subtilis strain W23 differs significantly from B. subtilis strain 168 both in the chemical composition of the cell wall and the susceptibility to bacteriophage infection. Strain W23 has both polyribitol phosphate and glucosyl polyribitol phosphate in its cell wall (5), whereas the teichoic acid in the cell wall of strain 168 contains glucosyl polyglycerol-phosphate (1, 7) . 1965 ). This reduced plating efficiency occurs even if the bacteriophages have been previously grown on strain W23. Therefore, bacteriophages are either unable to attach to one of the strains or the two strains have different capabilities for supporting bacteriophage replication. To investigate these possibilities, a derivative of strain W23 (RUB815) and our standard laboratory strain BR151 (a derivitive of 168) were examined for their capacity to adsorb and to replicate several of the Bacillus bacteriophages (Table 5 ). The eight bacteriophages used can be divided into two groups. Group I was unable to infect or adsorb to strain RUB815. However, group II could adsorb equally well to both strains, although it infects strain RUB815 with a reduced efficiency ( Table 5 ). The results imply that polyglycerolphosphate cannot be substituted by polyribitol- phosphate teichoic acid as a receptor site for group I bacteriophages. On the other hand, group II bacteriophages can attach equally well to both types of teichoic acid. In addition, the data also suggest that strain RUB815 is unable to complete some step(s) in the growth cycle of the group II bacteriophages as efficiently as strain BR151.
Transfer of bacteriophage resistance from B. subtilis strain W23 into strain 168. The results presented in Tables 3 and 4 demonstrate the requirement of glucosylated teichoic acid for the attachment of bacteriophages 429 and SPOl. However, the data shown in Table 5 indicate that the type of teichoic acid is of importance for the attachment of bacteriophages SP02, '105, SPP1, and 029, but not for bacteriophage SPOl. Therefore, an attempt was made to transfer the bacteriophage resistance pattern of strain RUB815 into the genetic background of strain BR151. DNA isolated from strain RUB815 was added to competent bacteria of strain BR151. After transformation, the recipient cells were placed on trytose blood agar base agar for 3 h at 37 C and then challenged with both bacteriophages SPP1 and SP02cl-2. The bacteriophage-resistant colonies were found at a frequency of 10-7. This low frequency of transformation was not the result of mutation since no colonies occurred in the absence of DNA or if the DNA was pretreated with deoxyribonuclease. Four of the resistant colonies were isolated, cloned, and tested for their ability to be infected by several of the Bacillus bacteriophages ( Table 6 ). The four isolated strains (RUB821-824) were all resistant to infection by bacteriophages 029 and 4105. However, the resistance patterns for the other two group I bacteriophages (SPP1, SP02) were complicated. Bacteriophage SP02 plated with a reduced efficiency on strains RUB821, RUB822, and RUB823, whereas bacteriophage SPP1 plated with a reduced efficiency on strains RUB821 and RUB822 (Table 6 ). Strain RUB823 was totally resistant to bacteriophage SPP1 and strain RUB824 was totally resistant to bacteriophages SPP1 and SP02. Interestingly, the group II bacteriophages were also reduced in their ability to successfully infect these resistant strains. Bacteriophage SPOl was unable to infect any of the resistant strains, whereas bacteriophage SP82 infected strains RUB821, RUB822, and RUB823 at reduced efficiency. Strain RUB824 was totally resistant to infection from bacteriophage SP82.
The ability of these resistant strains to adsorb the bacteriophages was also determined ( Group I SP02 I Intergenote strains resulted from the transformation of strain BR151 with DNA isolated from strain RUB815, as described in Table 1 . although bacteriophages 105 and SPOl were unable to infect this strain. Similarly, bacteriophages 4105 and SPOl were able to adsorb to, but not infect, strain RUB822. However, bacteriophage SPP1 did not seem able to adsorb to strain RUB822 in liquid culture, although it can infect that strain. Additionally, bacteriophages SPP1, 4105,4)29, and SPOl could adsorb to, but not infect, strain RUB823, and bacteriophages SPOI and SP82 adsorbed to, but were unable to infect, strain RUB824 at wild-type levels. The results suggest that, in addition to the alteration of bacteriophage receptor sites, the transfer of bacteriophage resistance from strain RUB815 to strain BR151 also impaired the ability of the bacteria to process the infecting bacteriophage. Transformation and transfection of bacteriophage-resistant strains. The strains of B. subtilis ( Table 1) that lack glucosylated teichoic acid in their cell walls can be transformed and transfected with essentially the same efficiency as strain BR151 (23; unpublished data). Therefore, these non-glycosylated teichoic acid strains are capable of processing bacteriophage DNA, although they cannot be infected by intact bacteriophage. However, strains RUB821, RUB822, RUB823, and RUB824 were partially deficient in their ability to produce bacteriophage after transfection (Table 8) . These bacteriophage-resistant strains (RUB821-824) were as competent as strain BR151 (Table 8) since they all had the same relative frequency of transformation. Therefore, the reduced efficiency of transfection must be related to a reduced capacity to promote bacteriophage development. This decrease was effectively illustrated by the ratio of Trp+ transformants to plaque-forming units after transfection (Table  8 ). This ratio was between 0.7 to 4.6 for strain BR151, whereas the four resistant strains had ratios that ranged from 28 to 1,215. It is important to note that the four resistant strains were reduced in their abilities to process mature as well as prophage DNA. DISCUSSION A successful bacteriophage infection involves attachment ofthe bacteriophage, penetration of the bacteriophage nucleic acid, and the replication and release of progeny bacteriophage. A variety of bacteriophage receptors has been identified (11) . Bacteriophage can specifically adsorb to pili, flagella, proteins, polysaccharide side chains, and teichoic acid moieties. In B. subtilis, cell wall teichoic acids have been iden- tified as important bacteriophage receptors (1, 2, 8, 24, 25) . The data presented in Tables 2, 3 , and 4 demonstrate the importance of glucosylated cell wall teichoic acid in bacteriophage attachment. These experiments also establish that certain bacteriophages infect these nonglucosylated teichoic acid strains under specific conditions. For instance, bacteriophages SPP1 and 4e infected these resistant strains when growth occurred in an agar medium but were unable to attach to the walls of these strains in liquid media (Tables 3 and 4) . Therefore, these results support previous conclusions (24) that cell wall-glucosylated teichoic acid cannot be the sole determinant for adsorption of bacteriophages toB. subtilis. This contention was based on the diminution of bacteriophage adsorption after hydrolysis of the amide bonds between Nacyl muramic acid and L-alanine and the observation that most of the bacteriophages studied were not inactivated by macromolecular teichoic acid (24) . Since the publication of these earlier results, evidence has accumulated for the existence of membrane teichoic acid (6) (Tables 3 and 4) . Only bacteriophages SPOl and 429 were unable to infect gtaA, gtaB, and gtaC mutants. In fact, the three classes of mutants could be distinguished by their abilities to be infected by bacteriophages 4e, 425, and SP82. Specifically, bacteriophages 4e and SP82 were unable to infect gtaC mutants, bacteriophage SP82 was severely reduced in its ability to infect gtaB mutants, and bacteriophage 425 was unable to infect gtaC and gtaB mutants. Therefore, by comparing the plating efficiency of these three bacteriophages, one can obtain a good indication of the type of mutation responsible for the loss of glucosylated cell wall teichoic acid. Similarly, these bacterial cell wall mutants can be used to distinguish these three closely related bacteriophages (9, 19) .
Strains RUB821-824 were originally isolated by their resistance to bacteriophages SPP1 and SP02cl2. However, whereas all four strains were resistant to some extent, only strain RUB824 was totally resistant to these two bacteriophages (Tables 6-7 ). In addition, those bacteriophages (group II) that were able to adsorb to strain RUB815 but displayed a reduction in their ability to infect strain RUB815 were also impaired in their ability to infect the four resistant strains constructed by interspecific transformation (Table 6 ). Furthermore, DNA isolated from bacteriophages representing both groups I and II was not as infectious in the four resistant strains as it was with strain BR151 (Table 8) . Interestingly, bacteriophage 41 plates with similar efficiencies on strains Recipient   BR151   RUB821  RUB822  RUB823   BR151  RUB821  RUB822  RUB823  RUB824   BR151  RUB821  RUB822  RUB823  RUB824 VOL. 125, 1976 on October 27, 2017 by guest http://jb.asm.org/ Downloaded from BR151, RUB815, RUB821, RUB822, RUB823, and RUB824 (unpublished data). These results indicated that the bacteriophage resistance transferred from strain RUB815 to strain BR151 was of a complex nature. This resistance consists of the failure of some bacteriophages to adsorb to the resistant strains as well as the inability of these strains to successfully process the bacteriophage DNA (Tables 6-8 ). This deficiency in the proper processing ofbacteriophage genetic material can be the result of blocks in any one of the steps involving penetration, replication, translation, and/or transcription ofthe DNA. In addition, this deficiency in the proper processing may be the result of the activation and/or introduction of a restricting nuclease. Our laboratory has recently identified such a restriction endonuclease (Bam-1) in Bacillus amyloliquefaciens (20) . These possibilities are presently being investigated. Irrespective of the cause, these new resistant bacterial strains should aid in the dissection of the processes involved in a successful bacteriophage infection.
